Abstract The aim of this study is to evaluate the usefulness of heart rate recovery (HRRec) for assessing risk of death in heart failure (HF) patients. Echocardiographic and clinical exercise data were analyzed retrospectively on 712 HF patients (EF B 45%). HRRec was calculated as peak exercise heart rate -heart rate at 1 min of active recovery. Patients were followed for all-cause mortality (5.9 ± 3.3 years follow-up). Groups were identified according to HRRec: group-1 (HRR B 4 bpm), group-2 (5 B HRR B 9 bpm), and group-3 (HRR C 10). KaplanMeier analysis estimated survival of 91, 64, and 43% (group-1); 94, 76, and 63% (group-2); and 92, 82, and 70% (group-3) at 1, 5, and 10 years, respectively. Ranked HRRec independently predicted mortality after adjusting for age, gender, NYHA class, LVEF and BMI, but was not independent of exercise time, peak V O 2 and V E =V CO 2 at nadir. HRRec is a useful prognostic marker in patients with HF, particularly when gas exchange measures are not available.
Introduction
Heart failure (HF) is a clinical syndrome characterized by compromised cardiac function, high left ventricular filling pressures, and symptoms of dyspnea and fatigue that are most pronounced during periods of activity. Despite recent advances in the management of patients with HF, morbidity and mortality remain high and the prevalence is continuing to increase as the population ages (McMurray and Stewart 2000) . Reliable prognostic indicators help to classify the patients at the highest risk and identify those in need of more aggressive management. Baseline measures of cardiac function provide only limited prognostic value and are poorly correlated with critical measures of functional capacity. In addition, since HF becomes a systemic illness influencing multiple physiologic systems (e.g., pulmonary, vasculature, and locomotor muscle), quantifying measures of these systems during clinical exercise testing provides important insight into pathophysiology of these systems.
A number of variables measured during clinical exercise testing have shown to be of prognostic value in HF patients. These include measures of exercise tolerance, expressed as exercise time on a given protocol or peak oxygen consumption (V O 2 peak) (Cicoira et al. 2004; Francis et al. 2000; Hirsh et al. 2006; Mancini et al. 1991; Myers et al. 2000) , oxygen consumption at anaerobic threshold (V O 2 AT) (Gitt et al. 2002) , 6-minute walk-test time (Guyatt et al. 1985; Rostagno et al. 2003) , ventilatory efficiency (expressed by oxygen uptake efficiency slope or the slope of ventilation relative to carbon dioxide production, V E =V CO 2 ) (Arena et al. 2004; Davies et al. 2006; Francis et al. 2000; Gitt et al. 2002; Hollenberg and Tager 2000) as well as a measure of autonomic function, such as an assessment of heart rate variability (Kruger et al. 2002; Wijbenga et al. 1998) . Each of these measures has been V. Kubrychtova Faculty of Medicine, Charles University, Prague, Czech Republic shown to independently and variably correlate with mortality and morbidity.
The measure of HRRec after exercise is considered to be a function of vagal reactivation and a blunted heart rate recovery (HRRec) after exercise testing has been shown to predict all cause mortality in the general population (Cole et al. 1999) . Interestingly, however, initial studies routinely excluded HF patients (Arai et al. 1989; Rosenwinkel et al. 2001) . Patients with HF have known abnormalities of the autonomic nervous system, typified by increased sympathetic activity, decreased vagal tone and depressed baroreceptor responsiveness (Ferguson et al. 1992; Francis et al. 1990 ). However, there may be slight differences in the autonomic profiles among the patients with different HF etiologies, which might influence the HRRec in these subgroups (Malfatto et al. 2001) . Recently, smaller studies have examined HRRec in HF patients and found that this measure is associated with functional class and linked to mortality. In addition, work in our laboratory suggests differences in the neurohumoral profile in HF patients as a function of post-exercise HRRec (Wolk et al. 2006) .
It remains unclear, however, the degree to which HRRec adds to the prediction of prognosis in HF patients over more traditional measures obtained at rest or during an exercise test. It has been suggested that HRRec may only be useful to assess prognosis when used in conjunction with more traditional measures, such as peak V O 2 (Hirsh et al. 2006) . Thus, the focus of the present study was to evaluate the predictive value of HRRec in a large, well characterized HF population, and compare the prognostic strength of HRRec with other factors commonly considered to be important prognostic indicators in HF patients.
Methods

Participant characteristics
Retrospective data were obtained on 712 HF patients with a history of ischemic or dilated cardiomyopathy and left ventricular (LV) ejection fraction (EF) B45%. Co-morbidities including smoking history, diabetes, hypertension, coronary artery disease (without previous myocardial infarction), and prior myocardial infarction were also identified. Data were collected from clinical echocardiographic studies as well as from cardiopulmonary exercise tests between January 1994 and May 2003. Follow-up for mortality or transplant was obtained through the Mayo Clinical database and confirmed through the social security index (SSI) in April of 2006. This study was performed in accordance with the ethical standards of the Declaration of Helsinki and was approved by the Mayo Clinic institutional review board.
The measure of HRRec was calculated as the difference between the peak heart rate during exercise and at 1-and 2-min into active recovery. Study patients were divided, a posteriori, into three groups according to their HRRec at 1 min: group-1 (HRRec B 4 bpm), group-2 (5 B HRRec B 9 bpm), and group-3 (HRRec C 10) as described in ''Definition of heart rate recovery''. Patients were followed for all-cause mortality for 5.9 ± 3.3 years after exercise testing. The prognostic value of HRRec was assessed and compared to other selected variables.
Function measurements and protocol
All patients performed the same symptom-limited incremental treadmill test according to a standard protocol. The protocol consisted of an initial treadmill speed and grade of 2.0 mph and 0%, respectively. The speed and/or grade were subsequently adjusted every 2 min to yield an approximate 2-MET increase per stage of exercise. Participants were verbally encouraged to continue the exercise protocol to maximal exertion, which was confirmed by a rating of perceived exertion of C18 on the Borg 6-20 scale and a respiratory exchange ratio of C1.15. Gas exchange, HR and oxygen saturation were measured along with classical gas exchange measures (oxygen consumption, V O 2 ; carbon dioxide production, V CO 2 ; minute ventilation, V E ; tidal volume V T ; respiratory rate, fb; partial pressure of end-tidal O 2 and CO 2 -P ET O 2 and P ET CO 2 , along with a number of derived variables; e.g., V O 2 =HR; ventilatory efficiency, V E =V co 2 ) using a metabolic measurement system (MedGraphics CPX/D/Medical Graphics, St. Paul, MN). Participants wore electrodes for the electrocardiogram (heart rate and monitoring), a blood pressure cuff, and were fitted with a nose clip and standard mouthpiece attached to a PreVent Pneumotach (Medical Graphics, St. Paul, MN) throughout the testing procedure, including 3-min of recovery.
After the patients had achieved the peak workload, they were brought immediately to 1.7 mph and a 0% grade for an active recovery phase. This was maintained for 3-min after which they were seated for an additional 3-min of passive recovery.
Definition of heart rate recovery
Heart rate was captured beat-by-beat and averaged over the last 30 s of each stage of exercise to minimize artifact during the exercise testing. Post-exercise recovery HR was also captured beat-by-beat and averaged over 10 s to minimize artifact while maintaining the integrity of the 1-min and 2-min recovery time points. The HRRec was defined as the difference between heart rate at peak exercise and at 1-and 2-min into the recovery period. For the analyses, the HRRec at 1 min was used to classify patients into three groups with optimal cut off points at 4 and 9 bpm (group-1 = HRRec B 4 bpm, group-2 = HRRec 5-9 bpm and group-3 = HRRec C 10 bpm). To obtain these optimal cut off points, dummy variables were created for all cutoffs, (i.e., HRRec B -2 to HRRec B 22) and simultaneously entered into a prediction model, and after adjusting for age and gender, the backward selection method was used. To validate the cut off points, chi square values were compared from the model.
End points
The mean follow-up time was 5.9 ± 3.3 years. Initiation into the study was defined as the date on which the graded exercise test occurred. The primary end-point was defined as cardiac transplant and/or death from all causes, which was identified through the Mayo Clinic database and confirmed through the Social Security Index. The follow-up was completed in April 2006.
Statistical analysis
Group statistics were expressed as mean ± standard deviation (SD) for continuous variables. Categorical variables were summarized as percentages. Comparison between two groups was made using two sample t tests for continuous variables and Pearson's chi square test for categorical variable. The Kruskal-Wallis test and F test were used to compare mean of multiple groups. Overall survival was estimated by the Kaplan-Meier method. A Univariate and Multivariate model to identify potential risk factors for these end points was assessed using the Cox proportional hazard model. Variables were selected in a backward selection manner with retention set at a significance level of 0.05. Results of these analyses were summarized as hazard ratios (HR) and associated log likelihood ratio v2 and P values. To overcome the potential for poor distribution of HRRec with outliers in both directions, rank version of HRRec was computed for the multivariate analysis, assigning the best recovery with the highest rank.
Results
Participant characteristics
Participant characteristics for the entire cohort and groups, based on HRRec are provided in Table 1 . Primary differences between the HRRec groups included group-1 having a slightly higher proportion of men and patients with ischemic cardiomyopathy compared to the other groups. Patients from this group were also more often classified as NYHA III-IV and the mortality in these groups was the highest (46 vs. 29% and 20% in group-1 vs. groups 2 and 3, respectively).
Physiologic characteristics measured during the graded exercise test are provided in Table 2 . Patients in group-1 tended to have shorter exercise time, lower heart rate reserve, lower peak V O 2 and a higher V E /V CO 2 ratio. Conversely to group-1, group-3 had the longest exercise time and highest peak V O 2 , LVEF and heart rate reserve along with the lowest values of V E /V CO 2 and lowest mortality compared to the other groups.
Determinants of HRRec
When exploring the relation between HRRec and other variables, it appeared that longer exercise time contributed to faster HRRec, whereas age, male gender and resting heart rate were associated with slower HRRec (Table 3) . The influence of b-blocker and statin use on HRRec is presented in Tables 4 and 5 . Unlike b-blockers, there was no significant influence of statins on HRRec.
HRRec and mortality Table 6 highlights the univariate predictors of mortality in this cohort of HF patients. Age, gender, NYHA class, LVEF, exercise time, heart rate reserve, peak HR, peak V O 2 , nadir of V E =V CO 2 , HRRec at 1 min, ischemic origin of HF and the use of beta-blockers were all predictive of mortality according to a univariate analysis. The highest hazard ratios were related to the nadir of V E =V CO 2 [ 34 (hazard ratio = 2.46, P \ 0.0001), HRRec at 1 min B4 bpm (hazard ratio = 2.15, P \ 0.0001) and peak V O 2 \ 14 ml/kg per minute (hazard ratio = 2.01, P \ 0.0001).
Kaplan-Meier survival analysis for the three groups based on HRRec (Fig. 1 ) suggests a significant difference among the groups, with group-1 having the worst prognosis. The relative risk of groups 1 and 2 were 2.44 (95% CLM = 1.8, 3.3) and 1.4 (95% CLM = 0.99, 2.04), respectively. The estimated survival probabilities at 1, 5, and 10 years were 91, 64, and 43% for group-1; 94, 76, and 63% for group-2; and 92, 82, and 70% for group-3. Figures 2 and 3 show Kaplan-Meier survival analyses for groups based on peak V O 2 , higher or lower than 14 ml/kg per minute (Fig. 2) and for groups based on the nadir of V E =V CO 2 , higher or lower than 34 (Fig. 3) . Survival was significantly higher in groups with higher peak V O 2 and lower nadir of V E =V CO 2 :Multivariate analysis suggests that after adjusting for age, gender, NYHA class and LVEF, HRRec at 1 min was not predictive of mortality. Also after adjusting for age, gender, NYHA class, and LVEF, the relative risk of groups 1 and 2 were 1.78 (95% CLM = 1.3, 2.4) and 1.2 Exercise time (min) 6.5 ± 2.4 5.4 ± 2.0 6.3 ± 1.9 7.5 ± 2.6 \0.001
Data are presented as mean ± SD HR Heart rate, SBP systolic blood pressure, DBP diastolic blood pressure, V E ventilation, V CO2 volume of carbon dioxide produced, P ET CO 2 partial pressure of end tidal CO 2 , V O2 volume of oxygen consumed (95% CLM = 0.84, 1.75), respectively. When HRRec was expressed in ranks, it was independently predictive. However, when exercise time, V E =V CO 2 , or V O 2 max were added to the ranked model, HRRec lost independent significance (P = 0.16, 0.053, and 0.058, respectively).
Discussion
The goal of the present study was to evaluate the predictive value of HRRec as a prognostic indicator in patients with a Data are presented as mean ± SD or percent where appropriate HR Heart rate, HR1 heart rate at first minute recovery, HR2 heart rate at second minute recovery, HRRec1 heart rate recovery at first minute recovery, HRRec2 heart rate recovery at second minute recovery Data are presented as mean ± SD or percent where appropriate HR Heart rate, HR1 heart rate at first minute recovery, HR2 heart rate at second minute recovery, HRRec1 heart rate recovery at first minute recovery, HRRec2 heart rate recovery at second minute recovery LVEF Left ventricular ejection fraction, HR heart rate, HRRec1 heart rate recovery at first minute recovery, HRRec2 heart rate recovery at second minute recovery, nV E =V CO2 ventilation for a given carbon dioxide production at nadir, BMI body mass index Fig. 1 Estimated survival probability in years for patients with heart failure grouped by heart rate recovery (HRRec) during the first minute of active recover after a maximal exercise test history of chronic HF. In addition, we compared the prognostic strength of HRRec with other commonly obtained variables associated with prognosis in the HF population. Although a number of studies have explored HRRec and its relationship to disease severity as well as prognosis, our study examined the role of HRRec in a larger well defined cohort of HF patients, with a history of both ischemic and nonischemic cardiomyopathies. A critical point regarding the measurement of HRRec is the specific definition of this variable and the type of recovery implemented in the studies. The present study defined HRRec as the difference between HR at peak exercise and at 1 and 2 min after exercise. For the purpose of this study, we used HRRec at 1 min into the active recovery phase of the exercise test. In previous studies, authors have used several different cut-off points to establish this threshold, ranging from 6.5 to 18 bpm (Arena et al. 2006; Bilsel et al. 2006; Nanas et al. 2006) . Further, there are a number of differences among these studies with regards to the recovery phase of the exercise testing. While some studies have applied passive recovery after achieving peak V O 2 , Arena et al. (2006) and Wolk et al. (2006) utilized active recovery. Subsequently, lower cut-off points (6.5 bpm) were used in those two studies. Because the optimal clinically useful cut-off value for HRRec in patients with HF has not been established, we attempted to estimate empirically optimal cut-off points or thresholds.
Our univariate analysis clearly supports the prognostic importance of HRRec. However, the results of the multivariate analysis were rather conflicting, potentially due to the poor distribution of HRRec with outliers in both directions. To overcome this concern, ranked HRRec was computed, assigning the best recovery with the highest rank. After adjusting for age, gender, NYHA class, and LVEF, the ranked version of HRRec was predictive of mortality. However, when exercise time, V E =V CO 2 , or V O 2 peak (ml/kg per minute) were added to the model, ranked HRRec lost its independent significance, suggesting that much, but perhaps not all of the predictive value of HRRec is overshadowed by these other variables. Therefore, the main finding of this study was that HRRec after symptom limited exercise testing may be a useful tool in assessing prognosis in HF patients, however, this variable is not independent of V E =V CO 2 , V O 2 peak, or exercise time.
Studies performed in the last few years have provided conflicting results concerning the predictive values of HRRec and other variables. Lipinsky and colleagues (Lipinski et al. 2005 ) measured HRRec during passive recovery at 1, 2, 3 and 5-min points and found that patients with a normal HRRec after 2 min had improved survival compared to patients with an abnormal 2-min HRRec. Bilsel and colleagues (Bilsel et al. 2006 ) studied HF patients, who underwent symptom limited exercise test and measured HRRec at 1 min of passive recovery. These authors suggest that the presence of abnormal HRRec (B18 bpm) together with low peak V O 2 (B14 ml/kg per minute) were the only significant predictors of mortality. Similarly, Nanas et al. (2006) found that HRRec at 1-min passive recovery was an independent prognostic. Arena and colleagues (Arena et al. 2006 ) utilized active recovery and found that HRRec at 1 min provided additional prognostic information when assessed together with V E =V CO 2 slope. Further, Wolk et al. (2006) recently published results of a similar study that utilized HRRec at 1 min of active recovery. These authors report significant differences between the groups for a number of parameters; restrictive changes in the lungs, exercise time, peak V O 2 , V E =V CO 2 ratios, and chronotropic response to exercise. There were also indications of differences in LV filling pressures and left atrial pressure. Taken together, it can be surmised that Fig. 2 Estimated survival probability in years for patients with heart failure grouped by peak oxygen consumption (V O2 ) during a maximal exercise test Fig. 3 Estimated survival probability in years for patients with heart failure grouped by the nadir of ventilatory equivalent for the metabolic production of carbon dioxide (V E =V CO2 ) during a maximal exercise test
HRRec is a clinically useful index for identifying patients with distinct and characteristic echocardiographic, neurohormonal and hemodynamic changes.
In the present study, the group with the slowest HRRec had higher all-cause mortality and NYHA class, lower exercise capacity, lower LVEF, and a higher proportion of patients with ischemic HF. Conversely, group-3 demonstrated that the fastest HRRec had the smallest proportion of patients with ischemic etiology of HF, lower NYHA class, highest LVEF, highest exercise capacity and longer survival rate. These patients also tended to be younger and there was higher proportion of women in the group when compared to group-1. When compared to other prognostic factors in the univariate analysis, HRRec B 4 bpm was similar to V O 2 peak B 14 ml/kg per minute and was the second strongest predictor of mortality after the nadir of V E =V CO 2 [ 34. HRRec offers a practical application, especially for those facilities which perform exercise tests without more sophisticated non-invasive gas exchange analysis.
Multivariate analysis suggested that the risk of mortality was higher for older male patients and for those with a higher NYHA class. At the same time, survival odds increased for those with longer exercise time, faster HRRec, higher peak systolic blood pressure, higher BMI and those using beta blockers. The slight protective effect of BMI could be explained by the fact that heavy subjects, who achieved the same exercise time as their lighter counterparts, must be fitter. Interestingly, after exercise time was added to this model, HRRec and V O 2 peak were no longer significantly prognostic. Using this analysis, V E =V CO 2 retained only marginal independent prognostic value.
It has been suggested that specific medication use may influence HRRec. In particular, both beta-blocker and statin use have demonstrated conflicting results with regards to their impact on HRRec. Racine and colleagues (Racine et al. 2003) suggest that 6 months of beta-blocker therapy does not significantly improve HRRec up to 3 min after a maximal exercise test. Conversely, Lipinski et al. (2005) supports the value of HRRec, independent of beta-blocker use, by demonstrating significant differences at the second and third minute of recovery, and thus showing a faster HRRec in patients taking beta-blockers. The results of the present study suggest that beta-blockers influenced HRRec at 1 min but their influence on HRRec at 2 min was not significant. The resting HR, peak HR, HR at 1-and 2-min recovery were lower in the beta-blocker group, but heart rate reserve was not significantly different. Importantly, there were 79.7% of survivors in the group taking betablockers, whereas there were only 63.5% survivors in the group of patients not taking these medications. It is apparent that further investigation is needed in this area to clearly identify the influence beta-blocker therapy has on HRRec and further discriminate the influence of different cut-off values for patients being treated by beta-blocker therapy.
Similarly, statin therapy may also have influence on HRRec in the HF population. Pliquet and colleagues (Pliquett et al. 2003) suggest that statins may partly restore sympathovagal balance. These authors found partial normalization of autonomic function may be a result of the effects of statins on neurohumoral stimulation in the rabbit model of HF. More recently, short-term treatment with atorvastatin was found to increase HRV, decrease QT interval variability, and shorten QTc interval duration in patients with advanced chronic heart failure (Vrtovec et al. 2005) . In contrast, however, Hamaad et al. (Hamaad et al. 2005 ) found no effect on the time domain of HRV indices in small group of heart failure patients on statins, which may suggest a lesser degree or potentially no effect of statins on parasympathetic tone. The results of the present study suggest that patients currently taking statin drugs exhibited the same HRRec response as those not on statins.
Clinical and practical implications
Heart rate recovery is a safe and easy measurement with the potential to provide considerable prognostic information for patients with HF. Further HRRec has the potential to be used as a marker of treatment efficacy as it has been suggested that HRRec in HF patients can be improved through exercise training Streuber et al. 2006) . Unfortunately, it has yet to be determined by means of a controlled prospective study, whether improvements in HRRec can also improve the prognosis in HF patients. However, our findings suggest that HRRec may be an important target for intervention in HF patients.
Conclusions
The main finding of this study was that HRRec after a maximal exercise test is a useful tool in assessing prognosis in HF patients. In addition, another easily obtainable variable, exercise time was strongly and independently predictive of prognosis. Therefore, HRRec and exercise time might be used as prognostic indicators in those settings where more sophisticated measures of gas analysis are not routinely performed.
